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Copper(n) (cupric) and copper() (cuprous) azide are both very powerful primary explosives with good
thermal stabilities. However, both suffer from extreme sensitivities, which makes them unsuitable for any
application. One brilliant concept for the synthesis of new ecofriendly, non-water soluble, and very
powerful primary explosives is the assembly of ligands in the coordination sphere of copper(i) azide.
Blocking of possible coordination sites through endothermic azoles allows the desensitization of
copper(i) azide and leads to compounds with manageable sensitivities. 13 different nitrogen-rich tri- and
tetrazole derivatives were used for the synthesis of energetic copper(i) azide complexes. The water
insoluble compounds are highly promising candidates for the replacement of lead and perchlorate
containing primary explosives. For the characterization, the complexes were analyzed by single crystal
X-ray diffraction, elemental analysis (EA), infrared (IR) spectroscopy, and differential thermal analysis
(DTA) measurements with heating rates of 5 °C min~%. The bulk material purity of selected complexes
was confirmed by X-ray powder diffraction. The sensitivities toward impact (IS), friction (FS), and
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electrostatic discharge (ESD) of all synthesized compounds were tested and determined according to
BAM (Bundesanstalt fur Materialforschung und -prufung) standards. The most promising compounds
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Introduction

Metal azides are widely used chemicals in industry and daily
applications. The most important one is sodium azide with an
annual production of around 250 t worldwide." In former times
NaN; was mainly used for the synthesis of lead azide, whereas
today’s utilization is widespread and ranges from a broad
spectrum of organic synthesis reactions,”™ to gas generating
mixtures in airbags and bacteriostatic preservatives.” Heavy
metal azides are sensitive toward friction and impact and are
used as important ingredients in detonators.® While lead azide
is still among today’s most commonly utilized primary
explosives in detonators or primer mixtures, other azides such
as AgN;, CuN;, and Cu(N;), have only limited use in special
applications due to their high cost (silver azide) or sensitivity
(copper azides).”
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were investigated in copper shell initiation experiments with PETN as main charge.

However, the use of lead azide has many disadvantages,
which are outweighed by its advantages such as an exceptionally
high thermal stability of 330 °C, high density, low cost, and many
more.® The incorporation of lead has disastrous effects to the
human body. Already small amounts of lead are toxic and cause
annual costs of $43.5 billion alone in the US.® Various studies
show that chronic lead uptake is responsible for a higher autism
risk, late puberty onset of 6-8 months, and a reduced IQ score up
to 9 points."® “Green” alternatives for lead containing primer
mixtures were introduced onto the market in the past, using
DDNP as primary explosive and tetrazene as sensitizer."" Since
then, countless numbers of diverse energetic compounds,
including organic compounds, organic salts, and metastable
interstitial composites have been investigated as lead replacements
but none of them could be established in the market.">™”
Furthermore; the alternatives, DDNP and tetrazene, again
suffer from long term stability issues or sensitivity toward light
(DDNP).'®'® In the last years many efforts were put in the
investigation of new energetic complex compounds (ECCs) with
nitrogen-rich ligands, non-toxic or less toxic 3d metal cations,
and diverse anions.>** One outstanding class of coordination
compounds consists of copper(un) azide and nitrogen rich
ligands. Cuprous and cupric azide show high decompositions
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Fig. 1 Stabilization of cupric azide using nitrogen-rich triazole and
tetrazole ligands.

temperatures above 200 °C but are unfortunately way too
sensitive for any application.® The latter also tends to form
basic copper azides (e.g., Cu(OH)N;) under basic conditions.
However, this is precisely where the ECC concept demonstrates
its advantages. The aim here is to stabilize the copper azide
with nitrogen-rich ligands while maintaining performance and
thermal stability of neat cupric azide (Fig. 1).>°®

This has already been demonstrated with 1-methyl/1-ethyl
and 1-propyl-5H-tetrazole in a previous work of our group.’
The corresponding complexes are of high interest for industrial
application and have been successfully incorporated into
primer mixtures.>® Furthermore, several patents were issued
on this topic.***’ However, the concept of complexation of
cupric azide is not new. Simple ECCs of copper(u) azide and
primary amines have been known since the early 20th century
and were already investigated toward their explosive
character.®” In more recent times researcher all over the world
focused rather on the magnetic behaviour and the structural
diversity of copper(i) azide complexes.>*"** But since the scope
of coordination compounds containing nitrogen-rich ligands
expanded in recent years, ranging from simple diamino alkanes
to more complex triazole derivatives, the synthesis of further
copper azide complexes has become feasible.**"*® However, the
energetic complexes used in the previous work® showed
weaknesses especially when it comes to thermal stability. In
the current study, we present a large number of enhanced
copper(u) azide complexes which were stabilized and tuned
with different bridging nitrogen-rich ligands, thus further
increasing the compounds’ thermal stability.

Results and discussion

Synthesis
In every case, literature known, or commercially available
ligands were used for the preparation of the ECCs.**™’ First

of all, layering experiments were performed to obtain single
crystals. For this purpose, sodium azide and the respective
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Chart1 Overview of used nitrogen-rich ligands: 1-ATRI: 1-amino-1,2,3-
triazole; 1-A-1,2,4-TRI: 1-amino-1,2,4-triazole; 4-ATRI: 4-amino-1.2,4-
triazole; TATRI: 3,4,5-triamino-1,2,4-triazole; BTRI: 4,4'-bi(1,2,4-triazole);
AET: 1-azidoethyl-5H-tetrazole; APT: 1-azidopropyl-5H-tetrazole; 1-MAT:
1-methyl-5-aminotetrazole; 2-MAT: 2-methyl-5-aminotetrazole; 2,2-dte:
1,3-di(tetrazol-2-yl)ethane; 1,2-dtp: 1-(tetrazol-1-yl)-3-(tetrazol-2-
yl)propane; 2,2-dtp: 1,3-di(tetrazol-2-yl)propane; i-dtp: 1,2-di(tetrazol-1-
yl)propane.

ligand (Chart 1) were dissolved in water and carefully layered
with a mixture of water and ethanol. This was followed by a
solution of copper(u) chloride or nitrate in ethanol.

Using AET as a ligand afforded the two species 6a and 6b.
In every other case only one species was obtained during these
experiments.

Subsequently, the ECCs were synthesized by the reaction of
stoichiometric amounts of a soluble copper(u) salt with the
respective ligand (Chart 1 and Scheme 1) in water and the
addition of an aqueous solution of sodium azide, which leads
to the precipitation of the complexes. For compound 5a the
found elemental analysis fits well to a complex with bridging
ligand. In case of the AET ligand, only species 6a could be
isolated elemental analysis pure. Additional purity checks were
performed using powder X-ray diffraction (Fig. S4-S9, ESI%).
The complexes 2, 5b, 6b, and 8 could not be obtained pure and
were therefore not further characterized. However, this is to
be expected since the formation of by-products is a general
problem regarding copper azide chemistry. All complexes were
obtained in good yields (44-86%).

Crystal structures

All complexes were characterized by low temperature single
crystal X-ray diffraction. Measurement and refinement data of
all experiments can be found in the (Tables S1-S3, ESIf). The
crystal datasets were uploaded to the CSD database and can be
obtained free of charge.”® The bond lengths and angles of
the coordinating ligands in the analysed complexes are
in the typical range of tetrazole and triazole ligands and nearly
the same as in the non-coordinating ligands.*'™*3*7:49754
The ligands are therefore not part of the discussion in any of
the following coordination compounds. All copper(n) azide
complexes show an octahedral coordination around the central

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Preparation of various copper() azide coordination

compounds based on nitrogen-rich azole ligands.

metal with a Jahn-Teller (JT) distortion along the axial
coordination sphere. In addition, every complex is forming
polymeric structures, whereas the type of polymerization (1D,
2D, 3D) highly depends on the combination of coordination
modes of the azido and azole ligands. The investigated
complexes show six different types of coordinated azide

Cu. Cu\ Cu\ /,Cu
"o N \ \ |
| \ \ \ \ \
N N, N N, N, N,
cu Cd Cu cu cu’ c':L;Cu Cd Cu Cu TCu
1 1,1 1,3 1,11 11,3 1,1,3,3

Chart 2 The six occurring coordination modes of the azide anions in
compounds 1-13.
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moieties (Chart 2). An overview on the bridging types
observed in each structure is given in Table 1.

Pure cupric azide (Cu(N3),) without any ligands shows two
different types of coordinating azide anions (Chart 2: 1,1,1;
1,1,3) leading to very long axial Cu-N-bonds (2.54 A, 2.71 A) and
the formation of 2-D polymeric layers.”” Single crystals of azide
complex 11 and 13 were measured and allowed a determination
of the most likely appearance of the structure. Finalizations of
the datasets were not possible due to the highly disordered
moieties and the related weak diffractions.

Complex compound 1 crystallizes in the form of brown rods
in the monoclinic space group P2,/c with four formula units per
unit cell and a calculated density of 2.093 g cm ™ at 100 K. The
metal centre is coordinated (Fig. 2) by one 1-amino-1,2,3-
triazole molecule in equatorial position and five azide ligands.
One equatorial and one axial azide are bridging to two different
metals (Chart 2: 1, 1) and the remaining three anions (one axial,
two equatorial) are linking between three copper(u) atoms
(Chart 2: 1, 1, 1), building up linear chains with two parallel
copper strands in one plane (Fig. 5).

Complex 2 possess one of the highest densities of all
complexes in this work (2.226 ¢ cm > @ 143 K) and crystallizes
in the form of brown blocks in the triclinic space group P1 with
two formula unit per unit cell. The molecular unit is formed by
two differently coordinated copper(u) cations (Fig. 3). The Cul
cation is solely coordinated by 1,1,1 and 1,1 bridging azido
ligands. This leads to the formation of strands of four copper
atoms. Additionally, the Cu2 atoms are coordinated by amino-
triazole ligands and 1,1,3 bridging azido anions. The azide
moieties are linking two Cu2 cations, connecting the copper
strands and further leading to a 2D polymeric network.

Complex 3 possess a high density (1.952 ¢ cm ® @ 143 K)
and crystallizes in the form of green needles in the triclinic
space group P1 with one formula unit per unit cell.
The molecular unit consists of one copper(u) cation (Fig. 4)
coordinated by two 1-amino-1,2,4-triazoles in equatorial
position and four bridging azide anions. Each pair of one axial
and one equatorial azide is linking between the same two
copper(u) atoms (Chart 2: 1,3), which leads to the formation
of 1D-chains. It is the only complex where all anions show the
same bridging mode.

Comparing the polymeric structures of 1 and 3, it becomes
clear that the different coordination modes of the azide
moieties are leading to a double strand in the case of 1 whereas
in 3 single strands are formed (Fig. 5). In both structures,
intermolecular interactions between anions and triazole
ligands of neighbouring chains are stabilizing the structures.

The only water containing coordination compound
[Cus(N3)s(TATRI)4]-0.5 H,O (4) crystallizes in the form of green
blocks in the triclinic space group P1 with one formula unit per
unit cell and a density of 1.975 g cm™* at 123 K. The molecular
unit is built up by a trimer of copper(u) cations (Fig. 6) with two
different coordination spheres. Two of the triazole ligands are
linking between two copper(u) ions, which is leading to a
fourfold binding of the middle cation to neutral ligands all in
equatorial position. This is the highest number of azole ligands
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Table 1 Overview on selected crystallographic data of the compounds examined by single crystal X-ray diffraction

Compound Space group P [g em™] 7 [K] Colour® Bridging modes of azido ligands?
[Cu(N;),(1-ATRI)] 1 P2,/c 2.093 100 Brown 1,1 1,1,1
[Cu,(N3)4(1-A-1,2,4-TRI),] 2 P1 2.226 143 Brown 1,1 1,1,1 1,1,3
[Cu(N;),(4-ATRI),] 3 P1 1.952 143 Green 1,3

[Cu;(N3)6(TATRI)]-0.5 H,O 4 P1 1.975 123 Green 1 1,1 1,3
[Cu,(N3)4(BTRI)] 5a P24/c 2.065 173 Red 1,1 1,1,3

[Cu(N;),(AET)] 6a 2/a 2.003 143 Brown 1,1 1,1,3

[Cu,(N3)4(AET)] 6b P24/c 2.072 143 Brown 1,1 1,1,1 1,1,3
[Cu(N5),(APT)] 7 P24/c 1.897 109 Brown 1,1 1,1,3
[Cu;(N3)6(1-MAT),] 8 P1 2.103 293 Red 1 1,1 1,1,3,3
[Cu,(N3)g(2-MAT), ] 9 P24/n 2.188 173 Red 1,1 1,1,1 1,1,3
[Cus(N3)s(2,2-dte)] 10 P1 2.200 143 Brown 1,1 1,1,1 1,1,3
[Cua(N3)s(2,2-dtp)] 12 C2/c 2.136 123 Brown 1,1 1,1,1 1,1,3

¢ Crystallographic densi%l at cell measurement temperature.
diffraction experiments.
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Fig. 2 Copper(n) coordination environment of [Cu(Nsz),(1-ATRI)]
(1). Selected bond lengths (A): Cul-N3 1.982(3), Cul-N5 2.037(3), Cul-
N10 2.580(4); selected bond angles (°): N3—-Cul-N5 94.16(12), N3-Cul-
N10 95.47(12), N3-Cul-N10ii 173.72(13), N5-Cul-N10 83.55(12).
Symmetry codes: () =1+ x,y, z; (i) 1 —x, =y, 1 — z.
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Fig. 3 Copper(i) coordination environment of [Cu,(N3)4(1-A-1,2,4-TRI),]
(2). Selected bond lengths (A): Cul-N1 2.005(3), Cul-N4 2.001(3), Cul-
N7 2.409(3), Cul-N4 2.878(3), Cul-N10" 2.021(4), Cul-N10 2.016(3),
Cu2-N9 2.593(3), Cu2-N15 1.980(4), Cu2-N10 2.658(3); selected bond
angles (°): N7-Cul-N4' 173.08(12), Cul-N4-Cu2 101.37(14), N9"V-Cu2-
N7' 96.27(11), N9V-Cu2-N15 85.61(13), N7-Cul-N1 101.70(13). Symmetry
codes: (i) —1+x,y,z (il2—x1-y1—-z(i)3—-x1-y,1-2z(v)2—x
-y, 1-zMVWl-x1-y1-2z

around the central metal of the herein presented complexes.
The coordination sphere around Cul is completed by two 1,1-
linking azido anions in axial positions causing a typical Jahn-
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Cell measurement temperature. ©
Different types of bridging observed for the azido ligands in the respective crystal structure.

Colour of the single crystal used for X-ray

N3

N2

N4

Fig. 4 Copper(i) coordination environment of [Cu(Ns),(4-ATRI),] (3).
Selected bond lengths (A): Cul-N1 2.006(2), Cul-N4 2.005(2), Cul-N3"
2.523(2); selected bond angles (°): N1-Cul-N4 92.30(9), N1-Cul-N3"
88.78(8), N3"-Cul-N4 85.61(8). Symmetry codes: (i) —x, —y, —z; (i) =1 + x
y, z (il —x, -y, —z.

Teller distortion (Cul-N13 2.355(4) A). The azido ligands
around Cu2 show two additional coordination modes, a rather
unconventional monodentate binding (Chart 2: 1) and a 1,3-
bridging similar to 3 leading to the formation of 1D polymeric
chains. Interestingly, latter coordination mode can only be
observed in these two compounds, which are the only green
coloured ones. Whereas in 3 the JT-distortion of the 1,3-azido
ligands is close to 2.5 A, it is astonishingly long in complex 4
(Cu2-N21" = 2.825(6) A). The crystal structure shows strong
disordering effects in the monodentate azido ligand as well as
in the crystal water molecule.

Complex compound 5b crystallizes in the form of red platelets
in the monoclinic space group P2,/c. It possesses four formula
units per unit cell and a calculated density of 2.065 g cm™> at
173 K. Every copper(u) cation is octahedral coordinated by
one bistriazole (BTRI) molecule and five azide anions (Fig. 7).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 1-D polymeric chains of 1 (top) and 3 (bottom) along the a axis.
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N
N N19 N20 N21

N16'

Fig. 6 Coordination environment of trinuclear unit of [Cus(Nz)s(TATRI) 4]
0.5 H,O (4). Selected bond lengths (A): Cul-N13 2.355(4), Cul-
N1 2.033(4), Cul-N7 1.993(5), Cu2—-N2 1.991(5), Cu2-N8 2.015(4), Cu2—-
N13 2.264(5), Cu2-N16 1.978(6), Cu2-N19 2.005(4); selected bond
angles (°): N1-Cul-N7 89.38(19), N7-Cul-N7' 180, N7-Cul-N13
84.99(18), N2-Cu2-N8 89.18(18), N2-Cu2-N16 171.1(3), N2-Cu2-N21"
88.78(18), N8-Cu2-N16 90.7(2). Symmetry codes: (i) 2 — x, 1 — y, —z; (ii)
2—-x2-y.1—zli)x, -1+y -1+z

The polyhedrons are linked over the azide anions in two different
ways forming two dimensional layers. (Chart 2: 1,1,3; 1,1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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N10

N11

N12

Fig. 7 Coordination environment of [Cu(Nz),(BTz)] (5b). Selected bond
lengths (A): Cul-N11.9858 (16), Cul-N7 2.0016(16), Cul-N10 1.9968(16),
Cul-N9' 2.7764(19), Cul-N7" 2.5212(19), Cul-N10" 2.0083(17); selected
bond angles (°): N1-Cul-N9' 79.83(7), N1-Cul-N10" 97.42(7), N7-Cul-
N9' 84.33(7), N7-Cul-N7" 92.55(6). Symmetry codes: (i) —x, —0.5 + y,
0.5-z; (i) —x, 0.5+ y, 0.5 — z; (i) —x, L — y, —z.

Azide complex [Cu(N3),(AET)] (6a) crystallizes as brown
plates in the monoclinic space group I2/a with eight formula
units per unit cell and a calculated density of 2.003 g cm ™ at
143 K. The octahedral coordination sphere around the
copper(u) centre of 6a is made up of one molecule of AET and
five azide anions and is Jahn-Teller distorted along N11'-Cu1-
N13" (Fig. 8). The metal centres form double strands, that
extend through the structure, bridged by azide anions (Chart 2:
1,1). The different chains are linked by a second species of
azido ligands (Chart 2: 1,1,3) leading to the formation of a
2D-polymeric network.

The by-product [Cu,(N3),(AET)] (6b) crystallizes as brown
rods in the monoclinic space group P2,/c with four formula
units per unit cell and a calculated density of 2.072 g cm ™ at
143 K. Similar to 6a, 1,1 and 1,1,3 bridging azido ligands are
leading to the formation of 2D-polymeric networks. But, as
already observed in compound 2, the existence of azide anions
in an additional 1,1,1 coordination mode is building up strands
consisting of four copper ions (Fig. 9). The centrosymmetric
unit is completed by two AET ligands, that coordinate to the

N13

,N11‘ N10
/

\ /
oo
\
Cu1t
N4 —&é‘““ N8
/2NN

®

‘ N8

N13#
Fig. 8 Coordination environment of [Cu(Ns),(AET)] (6a). Selected bond
lengths (A): Cul-N4 1.985(2), Cul-N8 1.995(2), Cul-N8" 2.011(2), Cul-
N1l 2.001(2), Cul-N11' 2.5095(19), Cul-N13" 2.736(3). Selected bond
angles (°): N4—Cul-N8 173.22(8), N4-Cul-N8" 97.39(8), N4-Cul-N11
90.70(8), N4—Cul-N11' 90.70(7), N4-Cul-N13" 79.21(8), N&8'-Cu1-N11
169.61(8), N11'-Cu1-N13" 169.29(7). Symmetry codes: () 1 — x, —0.5 + y,
05—z (i)15—-x,05-y, 05—z (i)l —x,05+y, 05—z
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Fig. 9 Molecular unit of by-product [Cu,(N3)4(AET)] (6b). Selected bond
lengths (A): Cul-N4 1.984(3), Cul-N8 2.001(3), Cul-N11 2.009(3), Cul-
N14 1.978(3), Cu2-N8 1.994(3), Cu2-N11 1.996(3), Cu2-N17 1.998(3).
Selected bond angles (°): N4-Cul-N8 96.38(12), N4-Cul-N11
170.51(11), N4-Cul-N14 92.36(12), N8-Cul-N11 78.91(11), N8-Cu2-
N11 79.39(11), N8—-Cu2-N17 100.72(11). Symmetry code: () 2 — x, —y, —z.

outer copper centres on opposite sites, whereas the inner two
cations are only bounded to azido ligands. All metal centres are
Jahn-Teller distorted along the axis vertical to the plane shown
in Fig. 9, bond lengths are partly notably longer than in other
JT-distorted complexes, from 2.5 A to even exceeding 2.7 A.

In both copper(u) azide complexes of AET the 2D-polymeric
networks are formed by the 1,1,3 coordinating azido ligands
bridging between strands of copper ions (Fig. 10). While the
existence of solely 1,1 binding azido ligands are building up
double strands (6a) of cations, the combination of 1,1 and 1,1,1
anions is leading to quadruple strands (6b).

Compound 7, based on the ligand 1-azidopropyl-5H-
tetrazole, crystallizes as brown platelets in the monoclinic
space group P2,/c with four formula units per unit cell and
the lowest of all calculated densities (1.897 g cm™* @ 109 K).
The octahedral coordination sphere around the copper(u)
centre of compound 7 shows an almost identical built up like

®c
@cu
e
OH
Fig. 10 Polymeric layers of 6a (top) along the b axis and 6b (bottom)
along the a axis.

584 | Mater. Adv,, 2022, 3, 579-591

View Article Online

Materials Advances

® 1o
N11g ll
\

v

, N8 N13

N10

Fig. 11 Coordination environment of [Cu(Nz),(APT)] (7). Selected bond
lengths (A): Cul-N1 1.984(3), Cul-N8 2.005(3), Cul-N8i 2.519(3), Cul-
N10iii 2.702(4), Cul-N11 2.006(3). Selected bond angles (°): N1-Cul-N8
90.88(14), N1-Cul-N11 173.33(14), N8-Cul-N10iii 84.06(11), N8ii—Cul-
N11 169.61(8), N8-Cul-N1lii 169.86(14), N11-Cul-N1lii 77.54(13).
Symmetry codes: (i) 1 — x, =05 +y, 15—z (i) 1 —x, 1 —y, 1 — z (i
1-x05+y, 15—z

compound 6a and is made up of one molecule of APT and five
azide anions with the same coordination modes as in 6a
(Chart 2: 1,1; 1,1,3) leading again to the formation of a 2D-
polymeric network (Fig. 11).

The unique trinuclear complex 8 crystallizes as red platelets
in the triclinic space group P1 with one formula unit per unit
cell and a calculated density of 2.103 g cm™® at 293 K. The
structure of 8 shows exceptional characteristics in many
respects. It is the only compound which shows a bridging of
single tetrazole rings between two different copper(u) atoms
leading to the blocking of two coordination sites of Cul.
Furthermore, it prevents the linking of the N12-N13-N14 azide
anion (comparable to 4) causing a mono-bonded anion with the
shortest Cu-N (Cu2-N12 1.9558(19) A) bond of all observed

Fig. 12 Extended molecular unit of [Cus(N3)e(1-MAT)] (8). Selected bond
lengths (A): Cul-N11.9903(18), Cul-N6'" 2.5836(18), Cu2—-N1 2.0205(17)
Cu2-N41.9922(17), Cu2-N4" 2.721(2). Selected bond angles (°): Cul-N1-
Cu2 120.65(8), N1-Cul-N9 85.40(7), N1-Cul-N1'180.00, N6" —Cul-N9
84.47(7), N1-Cu2-N4 164.45(8), N4-Cu2-N4" 82.23(7), N4" —~Cu2-N10
97.75(7). Symmetry codes: (i) —x, —y, —z; (i) x, =1 +y, z; (i) =1 —x, 1 —y,
-z, (iv) —x, 1 —y, —z.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Copper(i) coordination environment of [Cu4(N3)g(2-MAT),] (9).
Selected bond lengths (A): Cul-N1 1.998(3), Cul-N8 1.983(3), Cul-
N9 1.974(3), Cul-N12 2.032(3), Cu2-N9 1.964(3), Cu2-N12 2.024(3),
Cu2-N15 2.018(3); selected bond angles (°): N1-Cul-N8 96.98(12),
N1-Cul-N12 168.34(12), N1-Cul-N9 90.49(12), N8-Cul-N9 165.71(12),
N9-Cul-N12 78.84(12), N12-Cu2-N15 175.19(11), N9-Cu2-N12
79.28(12), N9-Cu2-N15 100.17(12), Cul-N9-Cu2 102.55(14), Cul-N12-
Cu2 98.47(12). Symmetry code: (i) —x, 1 — y, —z.

structures. The anions show three different coordination
modes in the complex. While the 1,1-linking was already
observed in many structures it shows another unique quad-
ruple 1,1,3,3 (Chart 2) bridging of azide moieties between four
different cations (Fig. 12).

The copper(n) azide complex 9 shows a high density (2.188 g cm >
at 173 K) and crystallizes in the form of red rods in the
monoclinic space group P2,/n with four formula units per unit
cell. Two asymmetric unit cells build up the molecular unit
(Fig. 13). The asymmetric unit of the compound contains two
different copper() centres — both of them are coordinated
octahedrally. Similar to 2 and 6b the combination of three
different bridging modes of the anions (Chart 2: 1,1; 1,1,1;
1,1,3) are leading the formation of polymeric 2D-structures with
Cul coordinated by five azido anions and one 2-MAT ligand as
well as Cu2 solely surrounded by six azido ligands.

Complex compound 10 crystallizes in the triclinic space
group P1 in from of brown needles, with a very high calculated
density (2.200 g cm ™ at 143 K) and two formula units per unit cell.

N9

Fig. 14 Coordination environment of [Cu4(N3)g(2,2-dte)] (10). Selected
bond lengths (A): Cul-N1 1.991(5), Cul-N4" 2.703(5), Cul-N10 2.392(6),
Cu2-N1 2.671(5), Cu2-N10 1970(5), Cu2-N12" 2530(6), Cu2-
N13 1.988(6); selected bond angles (°): N1-Cul-N10 84.5(2), N4-Cul-
N7 79.5(2), N4A—Cul-N4" 80.45(19), N1-Cu2-N10 77.7(2), N10—Cu2-N12"
94.9(2), N10-Cu2-N13 915(2), Cul-N1-Cu2 93.7(2), Cul-N10-Cu2
103.4(3). Symmetry codes: (i) =1 + x, y, z; (i) L + x, y, z; (i) —x, —y, 1 — z;
(ivV)1—x, -y, 1—2z
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Fig. 15 Polymeric structures of 9 along the b axis.

The molecular unit cell is built up out of four copper centres, one
ligand molecule, and eight azide anions (Fig. 14). Again, the
presence of 1,1, 1,1,1, and 1,1,3 coordinating azido ligands is
leading to quadruple strands of copper ions bridged to polymeric
networks. In contrast to 2, 6b, and 9, the use of a ditetrazole instead
of a monotetrazole ligand is causing a further linkage of the
polymeric layers leading to 3D structures.

Comparable to 2 and 6b, in 9 and 10 quadruple strands of
copper(u) ions are formed by 1,1,1-linking azido anions and
further connected by 1,1,3-bridging ligands to polymeric
networks (Fig. 15 and 16). While both ligands 2-MAT and 2,2-
dte are only blocking one of the coordination sites of every
second central metal, the later one is also combining the layers
to 3D-networks, by binding to two copper(u) cations of different
levels.

[Cuy(N3)s(2,2-dtp)] (12) crystallizes in the form of brown
needles in the monoclinic space group C2/c with four formula
units per unit cell and a calculated density of 2.136 g cm ™ at
123 K. Compound 12 shows almost the same consistency as 10

Fig. 16 Polymeric structures of 10 along the a axis.
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Fig. 17 Molecular unit of [Cu4(N3)g(2,2-dtp)] (12). Selected bond lengths
(A): Cul-N1 1.995(3), Cul-N4 1.995(3), Cul-N7 2.003(3), Cul-
N10 2.374(3), Cu2-N7 2.683(3), Cu2-N10 1.978(3), Cu2-N13 1.986(3);
selected bond angles (°): N1-Cul-N4 78.78(12), N1-Cul-N7 101.45(12),
N1-Cul-N10 98.06(11), N4-Cul-N7 176.02(12), N7-Cu2-N10 78.39(11),
N7-Cu2-N13 100.76(10), Cul-N7-Cu2 92.17(11), Cul-N10-Cu2
102.74(12). Symmetry codes: (i) 0.5 — x, 0.5 — y, —z; (i) x, 1 + y, z; (iii)
—x,1—-y -z (iV)x, =1+y, z (V) —x,y, 0.5 — z.

with a molecular unit built up of four copper(n) cations
(Fig. 17), eight azide moieties, and one ditetrazole ligand.
Whereas the outer two copper(n) atoms (Cu2) are coordinated
to one tetrazole ring and five azide ligands, the inner two (Cul)
are only coordinating to anions.

The three different bridging modes (Chart 2: 1,1; 1,1,1; 1,1,3)
of the anions along the a and b axis are leading to the formation
of polymeric 2D-layers, only containing copper(u) and azide
ions. The additionally linking of two copper(u) atoms by the
ditetrazole ligand along the ¢ axis (Fig. 18) is finalizing the
development of a 3D-polymer with unique physical properties.
Due to the strong steric hindrance, there is a large deviation of
the ideal octahedral coordination sphere.

Fig. 18 Polymeric 3D-structure of 12 along the b axis. The ligand is
bridging quadruple strands of copper(i) along the c axis with a small shift
along the a axis.
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Fig. 19 Comparison of [Cu(N3)>(MTZ)] with compound 5a and 12.

Thermal stability and sensitivity measurements

The complexes’ thermal stability was investigated using differ-
ential thermal analysis (DTA) at a heating rate of 5 °C min~ .
The DTA curves, in the range from 50-400 °C can be found in
the (Fig. S10-S12, ESI}). Measurements of the compounds 2,
5b, 6b, and 8 were waived as no elemental analysis pure
samples could be obtained of these complexes.

Overall, the exothermic events of only four compounds are
below 150 °C (1, 6a, 7, 11). The majority of the compounds is
exceeding 150 °C (3, 4, 9, 13), with three ECCs even possessing
very good thermal stabilities of at least 190 °C (5a, 10, 12).
Those are significantly more stable than previously published
[Cu(N;),(1-methyl-5H-tetrazole)* (Fig. 19). Endothermic events,
which generally indicate a phase transition, melting, or a loss of
ligand or hydrate water were observed only for [Cu(N;),(APT)]
(7). Here, thermogravimetric measurements (TG) showed that
upon heating, the ligand evaporates from the complex, indicating,
that the ECC is not stable.

The decomposition points are in every case related to the
complexes’ structure. In case of the ditetrazoles based ECCs 10-13,
the high thermal stability is caused by the 3D polymeric structure
formed by azido and tetrazole ligands. However, the complexes
based on ligands like i-dtp and 1,2-dtp are known to possess lower
thermal stabilities than the ECCs based on the respective 2,2-
substituted isomers.*>*® The assumption that [Cu,(N3)s(BTRI)]
(5a) exhibits bridging BTRI ligands is supported by the thermal
stability of the compound (T, = 195 °C).

Consequently, one would assume that the remaining
complexes, which exhibit a 2D polymeric network, possess
higher thermal stabilities than those which form only one-
dimensional chains. However, the two complexes 6a (Texo =
131 °C) and 7 (Texo = 132 °C) unfortunately do not follow this
trend. In this case, accelerated decomposition catalysed by the
copper cations is probably the reason for the earlier exothermic
events. Thus, similar effects in copper complexes based on
these ligands have already been observed in previous works of
our group.***® The third complex having a 2D structure,
[Cuy(N3)g(2-MAT),] (9), is showing a sufficient thermal stability
of 161 °C, however measurements regarding compound 3
and 4, only forming 1D polymeric chains, gave
exothermic events at the same or even higher temperatures

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Overview of the compounds’ thermal stability? and sensitivities
toward various external stimuli compared to lead azide®

Tendo.C Tcxo.d Is° ESD*®
Compound (°c)  (°Q) g FST(N) (m))
[Cu(N;),(1-ATRI)] 1 — 123 3 <5 5
[Cu(N;),(4-ATRI),] 3 — 161 10 >360 300
[Cus(N3)o(TATRI)[-0.5 H,O 4 — 170 15  >360 250
[Cu,(N3),4(BTRI)] 52 — 195 2 <01 5
[Cu(N;),(AET)] 6a — 131 <1 <01 1.1
[Cu(N;),(APT)] 7 54 132 <1 4.5 2.5
[Cuy(N3)s(2-MAT),] 9 — 161 <1 <5 13
[Cuy(N3)g(2,2-dte) 10 — 190 <1 <5 5
[Cu,(N3)4(1,2-dtp)] 1 — 146 3 <5 18
[Cu,(N3)g(2,2-dtp)] 12 — 195 1 <01 5
[Cu,(N;),(i-dtp)] 13 — 165 2 <5 5
Pb(N3), (RD-1333)>7%° - — 320-350 4 <0.1  0.007-5
“ Onset temperatures at a heating rate of 5 °C min~". * Determined by 1

of 6 method.”” ¢ Endothermic peak, which indicates a loss of ligands.
¢ Exothermic peak, which indicates decomposition. ¢ Impact sensitivity
(BAM drop hammer test).®°>/ Friction sensitivity (BAM friction
tester).®>®* & Electrostatic discharge sensitivity (OZM XSpark10).°®

(3t Texo = 161 °C; 4: Texo = 170 °C). Accordingly, the hydrogen
bonding specifically formed by the amino groups of the ligands
in 3 and 4 are believed to counterbalance the effects of a 2D
polymer on the thermal stabilities of a complex. The rather
poor thermal stability of [Cu(Nj;),(1-ATRI)] (1) is probably due to
the double strand formed in the crystal structure by the azido
ligands. Conclusively, it can be stated, that especially the use of
bridging BTRI or ditetrazoles ligands leads to ECCs possessing
a better thermal stability than those presented in our previous
work.?®

Since sensitivity data are some of the most important safety
parameters in the field of energetic materials, especially when
it comes to primary explosives, special emphasis was placed on
it. For this purpose, sensitivity measurements with regard to
impact (IS) and friction sensitivity (FS) were carried out according
to BAM (Bundesamt fiir Materialforschung und -priifung)
standard methods.>” Furthermore, the sensitivity toward electro-
static discharge was evaluated. For every parameter, the 1-in-6
method was applied to determine the lowest energy or force
needed for an ignition. The data are summarized in Table 2.
Conclusively, a classification of the compounds according to the
UN Recommendation on the Transport of Dangerous Goods was
made.”®

Because the primary goal here was to find a substitute for
lead azide (LA), its sensitivity data are also listed in Table 2.
A comparison of the impact sensitivity with lead azide shows
that the complexes presented in this work are for the most part
more sensitive. However, this is irrelevant, since both LA as well
as the copper azide ECCs are extremely sensitive materials and
the danger of the substances is primarily due to their sensitivity
toward friction and electrostatic discharge. Thus, similar
sensitivity results were observed for the copper complexes of
this work, and lead azide (LA < 0.1 N).**

Measurements of friction sensitivity below 5 N were not
performed in most cases. This is mainly due to the fact that a
more precise determination in this range is usually less

© 2022 The Author(s). Published by the Royal Society of Chemistry
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significant. In general, a friction sensitivity of below 5 N is
already considered as extremely sensitive.

The only exceptions to this pattern are the compounds 3
(IS=10],FS > 360 N) and 4 (IS =15 J, FS > 360 N). The reason
for this is difficult to explain. Both complexes are the only ones
to show a distinct green colour. Furthermore, their crystal
structure exhibits a unique coordination behaviour of an azido
ligand, which coordinates in each case only simply via a
nitrogen atom. Furthermore, the hydrate water in 4 leads to
further desensitization.

It should also be noted that the majority of the ECCs in
this work, analogous to lead azide, require an extremely low
electrostatic discharge energy for ignition, which on the one
hand facilitates ignition in detonators by electrostatic
discharge, but on the other hand makes extreme caution
necessary when handling these substances. The classification
according to the UN Recommendation on the Transport of
dangerous goods also results in the category extremely sensitive
for all substances, except 3 and 4. The remaining substances
are considered sensitive only.>®®

Lead azide replacement suitability evaluation

In the following the suitability of selected ECCs to replace LA
was investigated. The compounds 1, 3, 4, and 7 examined
further because they either exhibited poor thermal stability or
poor performance in the sensitivity measurements, indicating a
distinct lack of performance. This assumption is based on the
observation that primary explosives are only sufficiently
suitable below a certain sensitivity threshold.®” The definition
of a primary explosive here results from the position of the
compound in the initiation chain. Consequently, an energetic
material should be able to initiate a booster explosive such as
pentaerythritol tetranitrate (PETN) to be classified as a primary
explosive.®”

An important property of a suitable primary explosive is the
deflagration to detonation transition (DDT) of a compound.®’
In order to gain insight into this behaviour, hot plate and
especially hot needle tests are performed with the respective
substances. To perform the hot plate tests the evaluated
substance is placed on a copper plate and subsequently heated
with a Bunsen burner until a conversion was observed (Fig. 20,
left). Especially the behaviour of the compound under fast
heating is investigated with this experiment. Hot needle tests on
the other hand, are carried out to investigate the substances’
reaction when ignited under slight confinement. Therefore, the
complex is taped to a copper plate with adhesive tape and
penetrated with a red glowing needle subsequently (Fig. 20, right).

Fig. 20 Detonation of compound 5a during hot plate test (right side) and
detonation of complex 10 (left side).
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Table 3 Results of hot plate and hot needle tests together with PETN initiation experiments of the compounds 5a, 6a, and 9-13

Laser ignition energyb

Detonation velocity*

Compound HP HN* PETN initiation 0.17 mJ 0.20 mJ 1.7 mJ 25.5 mJ [km s~
[Cu,(N3),(BTRI)] 5a det. det. positive — det. — — 8.28
[Cu(N;),(AET)] 6a det. det. positive defl. — — defl. 7.98
[Cuy(N3)s(2-MAT),] 9 det. det. positive — — det. det. 8.02
[Cu,(N3)g(2,2-dte)] 10 det. det. positive — det. — — 8.07
[Cu,(N3),(1,2-dtp)] 11 det. det. positive det. — det. — 7.90
[Cu,(N3)g(2,2-dtp)] 12 det. det. positive det. — — - 7.83
[Cu,(N3),(i-dtp)] 13 det. det. positive defl. — defl. — 7.79

¢ defl.: deflagration; det.: detonation. b Operating parameters: current I = 7-8 A; voltage U = 4 V; theoretical maximal output power Pp,ax = 45 W;
theoretical energy Ep.x = 0.17-25.5 mJ; wavelength / = 915 nm; pulse length = 1-15 ms. ¢ Details can be found in the ESIL.

In any case, the preferred test results are “detonations”. The
results are summarized in Table 3.

Due to the high detonation velocity of the remaining
compounds, it was not possible to capture further images of
the detonations during hot plate and hot needle tests with the
setup used. However, these highly positive results enable
testing the compounds in PETN initiation experiments. These
studies provide further insight into the extent to which
copper(u) azide ECCs are capable of replacing LA. For this
purpose, 200 mg of PETN was pressed into a copper shell and
50 mg of the compound to be tested was loosely filled on top.
Subsequently, the shell was placed on a copper witness plate
and ignited with a type A electrical igniter. Parts of the setup are
shown in Fig. 21. A positive DDT is indicated by a hole in the
witness plate. Further details on the process and setup can be
found in the ESL.i

For all of the compounds tested in this setup the initiation
was positive (Table 3). This is quite impressive as these are
more than half of the compounds presented in the work.

A positive initiation of compound 5a is exemplarily
displayed in Fig. 21. Further images of the positive results
can be found in the ESI.

Another feature of ECCs is laser ignitability. The field is
attracting great interest, as it is anticipated that laser ignition
will make mechanical ignition irrelevant.>>®®”7% Therefore, an
extreme sensitivity toward mechanical stimuli is no longer
required for energetic materials and thus safe handling
becomes easier.

The compounds presented in this work are not suitable
insensitive laser ignitable substances as they are as sensitive as

— Type A
Electrical Igniter

—— Primary Explosive

—— PETN Charge
Fig. 21 Test setup for PETN Ignition experiments shown without the

copper witness plate (left) and positive initiation experiment of compound
5a (right).
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Fig. 22 Detonation of complex 9 during laser ignition experiments.

the cobalt perchlorate complex BNCP which they are supposed
to replace.® Nevertheless, the superior performance of the
copper azide complexes, especially with respect to their simple
synthesis and poor water solubility, makes a brief analysis of
their behaviour in laser experiments interesting. The results of
these experiments are displayed in Table 3. An example of a
positive laser ignition result is shown in Fig. 22.

Further details on the laser setup can be found in the
Supporting Information. As with the hot plate and hot needle
tests, it was unfortunately not possible to record all detonations
due to their high velocity. Overall, all complexes showed a
reaction toward the laser irradiation. Interestingly the
compounds 6a and 13 only showed deflagration, even at higher
energies. This is particularly surprising because both
compounds showed powerful detonations during preliminary
hot plate and hot needle tests and successfully initiated PETN.
Nevertheless, the majority of the coordination compounds

3! [Cu,(N,),(BTRI)]

1S (J) 2

FS(N) <041

ESD (mJ) 5

Texo (°C) 195

Texo (1OO°C)5 [N o 20 80 48 50 FSIGIN)

[Cu,(N,),(2,2-dtp)]

IS () <1 30 IS () 4

FS (N) <0.1 % FS(N) <01

ESD (mJ) 5 o ESD (mJ) 5

Texo (°C) 195 ESD (log mJ) Texo (°C) 350

Fig. 23 Comparison of lead azide (LA) with the ECCs [Cu(N3)4(BTRI)] (5a)
and [Cu4(N3)g(2,2-dtp)] (12) in terms of thermal stability (Teyxo) and
sensitivity toward friction (FS), impact (IS), and electrostatic discharge
(ESD). The friction sensitivity was only determined to <5 N but is assumed
to be within the range of LA.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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showed strong detonations at energies of 0.17-0.20 m]J, again
proving that copper azide complexes are powerful initiators in
diverse application fields. Detonation velocities of the ECC was
estimated according to a method, outlined in theESL i

The experiments performed in this section demonstrate that
the copper complexes in this work not only have the thermal
stability and sensitivity, but also the required performance to
successfully replace lead azide finally (Fig. 23).

Conclusions

In this work we have prepared 15 copper azide complexes based
on nitrogen-rich triazole and tetrazole ligands. A special feature
is the simple synthesis, which leads to a direct precipitation of
the complexes. The poor water solubility drastically reduces the
toxicity of the resulting complexes as well as enable their
desensitization by moistening. The majority of the complexes
was investigated using single crystal X-ray crystallography,
unveiling unique coordination geometries caused by the
interaction of azido ligands with tri- and tetrazoles. The main
aim of this work was the stabilization of neat copper azide
while keeping its useful properties like performance and
thermal stability. This was achieved especially through the
application of bridging ligands like BTRI, 2,2-dte, and 2,2-dtp
with the resulting three-dimensional metalorganic frameworks
exhibiting a thermal stability exceeding 190 °C. Furthermore,
PETN initiation tests have successfully demonstrated that the
performance of copper azide has also been retained. Overall,
the excellent initiation capability of these ECCs was not only
shown in PETN initiation experiments, but also during laser
ignition experiments. Consequently, the energetic coordination
compounds presented in this work are worth considering as
lead azide substitutes not only because of their simple
synthesis, low toxicity, excellent thermal stability, but also
because of their superior initiation ability.
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